A volatile fatty acids (VFA) sensor based on headspace chromatography was tested for online monitoring and control of a pilot-scale manure digester. The sensor showed satisfying results in terms of sensitivity and reliability for monitoring of the digester. The online VFA and biogas production data were used for automatic control of the digester based on feed flow manipulation.
INTRODUCTION
Biogas production from agricultural residues and organic wastes becomes an important part of the future fossil-free energy supply according to the Danish national energy policies (Danish Energy Agency ). Successful biogas production requires proper monitoring and control as an important tool for improving process stability and efficiency. The demand for a monitoring and control system is increasing along with the increasing number of large-scale biogas plants. During the last 20 years, various indicators such as pH, alkalinity, volatile fatty acids (VFA) or biogas production have been used for online monitoring, and several control strategies have been proposed for controlling the biogas reactor (Steyer et al. ) . The combination of the sensitive and reliable online indicators with a simple control system was more preferable than the use of low sensitivity indicators with a complex model control system, as anaerobic digestion is a complex process and a large number of model parameters will make it more difficult to predict the real state of the process than measuring it directly from the system (Steyer et al. ) . Biogas flow and pH are often the online indicators monitored in the full-scale highrate anaerobic digestion (Spanjers & Van Lier ) . However, for the system with high buffer capacity such as manure digestion, pH indicator becomes less sensitive and VFA is a more reliable indicator (Boe et al. ) . VFA accumulation is known as a sensitive and reliable indicator for process imbalance in anaerobic digestion (Ahring et al. ; Molina et al. a) . However, from full-scale experiences, the lack of reliable and inexpensive online monitoring instruments is still the bottleneck in this development (Spanjers & Van Lier ) . The control applications of the anaerobic digester found in literature have mostly been based on online measurement of pH (Denac et al. ; Pretorius ) , alkalinity (Bernard et al. ) , or biogas production (Steyer et al. ; Liu et al. ) . Only few applications used the online measurement of individual VFA (Boe et al. ) . Recently, the advances in the development of the online VFA sensor have increased the potential of using the online VFA parameter for control and optimization of the biogas process especially for difficult substrate such as manure or slurries (Boe et al. ; Lomborg et al. ; Molina et al. b) .
In our previous study, we had developed the online VFA measuring system based on headspace chromatography technique which can measure individual VFA in the manure digester (Boe et al. ) . The system had been used for automatic control of the laboratory-scale manure digester using a simple logic to control propionate concentration at a setpoint of 10 mM by feed flow manipulation (Boe et al. ) . In this study, an industrial prototype of this sensor was used for online monitoring of a pilot-scale manure digester to demonstrate its applicability in the fullscale application. Moreover, the online VFA and biogas registration data were used as process indicators for automatic control of the biogas reactor.
MATERIALS AND METHODS
The experiment was carried out in a pilot-scale manure digester located at Lundtofte, DTU (Technical University of Denmark). The reactor was made of stainless steel with total volume of 800 L and working volume of 500 L. The reactor was fitted with a stainless steel top plate, which supported the vertical low-speed mixer, mixer gear motor, gas sampler, safety and pressure valve and a safety level switch. Feed valve, effluent valves, temperature probe and sampling ports were fitted to the reactor wall. The process temperature was maintained at 53 ± 1 W C by pumping hot water through a stainless steel coil fitted inside the reactor using an electric heater and a circulation pump (Kaparaju et al. ) .
The substrate in the feed container was mixed by a high speed mixer for 5 min before each feeding. The reactor contents were mixed by a low-speed mixer with a cycle of 5 min on/off. Two screw pumps with a flow rate of 10 L/min were used to pump feed and effluent. The reactor was fed two times per day. The effluent was pumped out from the middle part of the reactor prior to each feed in order to minimize short-circuit loss of substrate. The biogas production was measured by an automated displacement gas metering system with a 400 mL reversible cycle and registration (Angelidaki et al. ) . The amount of biogas production was recorded every 6 h. The individual VFA concentrations were measured offline once per day by manual taking of the reactor sample and analysis using a gas chromatograph (GC) (Shimadzu GC-2010AF, Kyoto, Japan), equipped with a flame ionization detector (FID) (Angelidaki et al. ) . The online individual VFA measurement was done every 6 h (four times per day) by a modified online VFA monitoring system based on ex situ VFA extraction (Boe et al. ) . The reactor had a liquid circulation loop connecting to the VFA measuring system where a 60 mL liquid sample was pumped into an equilibrium cell, acidified, added with salt and heated to extract VFA into the gas phase before injecting automatically into a GC for analysis. The signal output from the GC was then sent to the automatic control system for processing before the next feed started. Each feed started right after the VFA measurement data were obtained. The reactor operation, monitoring, and control were done automatically by a programmable logic control (PLC) system (Proficy 5.5, GE Fanuc Automation Europe S.A, Luxembourg), with computer interface. All calculations were managed within the PLC. The interface and data logging on the PLC used GE Cimplicity HMI 6.1 (HMI, GE Fanuc Automation Europe S.A, Luxembourg) (Boe et al. ). The experimental setup diagram is shown in Figure 1 .
Fresh cow manure was obtained from a centralized biogas plant (Snertinge, Denmark). The total solids (TS) in manure varied from 4 to 7% and volatile solids (VS) varied from 2 to 5%. The substrate was used as its original composition without any dilution. This was in order to resemble the real operating condition of the Danish fullscale biogas plants where the feed composition can be varied depending on the availability of the substrates.
The first experiment was to test the sensitivity and reliability of the VFA sensor for online monitoring of the manure digester in the large-scale application. In this period, the digester was started up and operated with a constant hydraulic retention time of 25 days. The biogas production and individual VFA were measured online for process monitoring. The experiment was carried out for 2 weeks with daily manual sampling of the VFA from the reactor sample at the same time that the sensor was taking a sample. The second experiment was an automatic control experiment, where the feed volume was varied automatically according to a control algorithm to optimize the biogas production, while the organic content in the feed (feed concentration) was uncontrolled. The control structure used in this experiment is shown in Figure 2 , where VFA and biogas production are the key parameters. The sampling interval was 6 h for both VFA and gas flow rate, while the interval between each feed was 12 h. The feedback loops for controlling VFA and biogas production were based on the conditions defined by the rulebased supervisory system as shown in Table 1 .
The controllers varied the feed pump duration in order to achieve the gas flow rate value as close as possible to the gas setpoint, and at the same time controlled the VFA concentration below the threshold of 40 mM total VFA and 10 mM of propionate (Pr). The threshold values were chosen based on the typical VFA concentrations found in manure digesters. A stable manure digester has total VFA of 1-2 g/L (up to 33 mM). However, most manure digesters can also operate up to 4 g/L (66 mM) without process breakdown (Angelidaki et al. ) . The value of 40 mM was then chosen in order keep the process more active, but still in the safe operating ranges. The propionate concentration threshold was also chosen accordingly. Upper-level controller , the difference (D) between the gas flow rate (GF real ) and its setpoint value (GF setpoint ), i.e. D ¼ GF real -GF setpoint , was considered as the key factor for adjusting the gas setpoint based on the control rules. The value of D varied according to one of the four different process states as shown in Table 1 . As this control algorithm has the aim to maximize the biogas production, when the process is considered to be stable (state 1), the gas setpoint will be increased one step (GF step ). When the gas production is close to the gas setpoint (state 2), the process is considered to be close to its maximum capacity, and thus the gas setpoint will be increased only half a step to serve as a probing test (Lui et al. ). The difference between state 1 and 2 is the ability of the microbial population to follow the increase of organic loading rate (OLR). State 1 is considered that the microbial groups could manage the increase of OLR very well, and the process is well balanced. At state 2, it is considered that the process is less capable to manage an increase of OLR compared with state 1, because the microbial population may be close to its maximum treatment capacity. Based on the case that the process has previously been in state 1 where the gas setpoint has been increased but now the gas flow rate could not reach the gas setpoint (state 3), the gas setpoint will be kept constant. Finally, in the case that the gas flow rate is below the gas setpoint and the previous state was not state 1, the process is considered to be unstable and thus the gas setpoint will be decreased one step (state 4). The new feed flow rate was then calculated from the new gas setpoint using a yield factor (L gas /L feed ) as a proportional constant, i.e. feed flow rate ¼ GF setpoint,new /yield factor. The parameter D max and GF step used in this experiment were 0 and 0.06 L gas /(L reactor ·d), respectively. The GF step value was calculated as 10% of the average biogas production of 0.6 L gas /(L reactor ·d), at a hydraulic retention time (HRT) of 20 days.
The control algorithm for VFA is shown in Table 1 . The VFA parameters were not directly involved in controlling the biogas production, but rather were used for preventing the reactor from overloading. When total VFA ! 40 mM or Pr ! 10 mM, the lower-level controller would activate the alarm state and set the feed flow equal to zero for the next feeding. At this state, the gas setpoint will be reset according to the actual gas production. During the whole experiment, the minimum sludge retention time was set to 13 days as a safety factor in order to prevent washout of microorganisms from the continuous stirred tank reactor (CSTR) digester.
During the experiment, different parameter values were adjusted in order to overcome the long-term underload condition. The yield factor was adjusted at the last part of the experiment according to the decrease of the organic content in the substrate. In the first period of the experiment (day 0-7), the digester was operated with a fixed feed flow. The automatic control was started at day 3; however, the controller first took over the feed control at day 8. The different control parameters used in each period are summarized in Table 2 .
RESULTS AND DISCUSSION
The results from the online monitoring experiment are shown in Figure 3 . During start-up, the VFA concentrations in the reactor were relatively high and gradually decreased along with the increase of biogas production. The VFA sensor has shown reliable results for monitoring the biogas process compared with the offline VFA measured by GC. The small fluctuation can be due to some inhomogeneity of the slurries inside the digester and probably also some uncertainty from mechanical equipment such as sample pumping volume. After this experiment, the sensor design and construction was modified and tested several times to improve the robustness. As the system contains several mechanical parts, routine maintenance is crucial in order to obtain the optimal performance.
The results from the automatic control experiment are shown in Figure 4 . In this experiment, the digester was started up and operated at constant feed flow with a HRT of 20 days during the first period (day 0-7). The automatic control was activated at day 3 (point A) and run in the background without the control action. The controller first took over the digester feed control at day 8 (point B). The controllers could optimize the biogas production very well during days 8-13, and reach the maximum biogas production of 500 L-biogas/d. At day 13 (point C), a new batch of manure which had lower organic content (VS decreased from 5 to 2.5%) was added to the substrate tank. This results in gradual decrease in the biogas production, which consequently decreased the gas setpoint according to the controller setup. The automatic control was overruled by the feed volume at 25 L/d for one day (point D). The biogas production increased slightly due to increasing feed flow. At day 23 and 27, the gas setpoint interval was readjusted so that the GF min value was decreased from 90 to 80% and 50% of the GF setpoint value, respectively (see Table 2 ), and the controller took over the feed control again (point E and F). However, these could not recover the biogas production. At day 30, the controller was adjusted by decreasing the biogas yield parameter from 15 to 5 Lbiogas/L-feed. This led to the strong increase of the feed flow, resulting in the increase of both VFA and biogas production. From these results, it was clear that in the case of longterm underload, the rule-based control using biogas production alone could not distinguish between the decreases of biogas production from inhibition and from lower organic content in the substrate, which resulted in undesired decreasing of the control gas setpoint even when the process was not inhibited. Moreover, the controller was more sensitive to the biogas yield parameter than the gas setpoint interval, as the decrease of the minimum gas setpoint value was not enough to turn the controller to increase the feed again.
Considering overall responses in Figure 4 , the biogas production, total VFA and propionate followed the trend of feed volume very well. The decrease of VFA concentration after day 5 indicated that the process began to stabilize after the start-up period. The VFA started increasing again after the controller took over and increased the feed flow (point B), which indicated that the process balance was slightly disturbed. When the feed was decreased according to the control algorithms, the VFA decreased again as a result of low organic load to the digester. The sharp increase of the VFA concentration during the last period of the experiment indicated that the process responded very quickly to the change of biogas yield parameter. However, the VFA concentration over the whole period of the experiment still remained under the threshold value of 40 mM total VFA and 10 mM of propionate. This indicated that the process did not suffer from organic overload, which could probably be due to the new batch of manure substrate being relatively diluted. However, it has to be noted that in a completely mixed system such as CSTR reactor, the HRT is an important factor for process operation. In this system the sludge retention time is equal to the HRT and thus the maximum feed flow has to be controlled to prevent washing-out of the microorganisms. In this experiment, the maximum feed flow was limited to 38 L/d, which would overrule the controller to maintain the minimum HRT of 13 days (dashed line in Figure 4a ).
From the VFA measurement data, the main VFA components were acetate and propionate whereas other VFA were at very low concentration (below 3 mM). However, the VFA sensor could still detect these VFA with good sensitivity. Figure 5 shows the sensor response compared with the VFA concentration in the digester measured offline by manual sampling. This shows that the sensor detection limit covers the normal range of each VFA component in the digester. Moreover, as the VFA auto-sampling was done four times per day while the digester feeding was done two times per day, the fluctuation in VFA data was observed. The VFA value was higher at the measurement between the two feeding times, and the value was lower at the measurement point just before the new feed started. In this case, the VFA data were filtered using a moving average filter with a moving window of two samplings (12 h).
The rule-based controller using biogas flow rate as the main control parameter could effectively adjust the biogas flow rate toward the desired setpoint. However, using biogas flow rate alone was apparently not enough in the case of long-term underload. To include the VFA into the rule-based supervisory system would help to distinguish between an underload and an inhibition state. The cascade control concept is very useful as it could take into account several important indicators at different monitoring intervals in an effective way. However, the potential of cascade control was not fully utilized in this experiment as the VFA concentrations were not included for optimizing biogas production. A fixed biogas yield parameter used in the proportional control function also had a weak point in the system with the variable feed composition. The constant proportional gain function would be suitable for the anaerobic digestion of the industrial organic wastes where the substrate components were relatively constant. To apply the controller in the system where the substrate composition is variable, a more intelligent rule-based supervisory system will be necessary. Alternatives could be the use of probing control (Steyer et al. ) 
CONCLUSIONS
The VFA sensor has shown satisfying sensitivity and reliability for monitoring of the pilot-scale manure digester. The results from control experiments confirmed that the combination of biogas production, total VFA and propionate concentration could effectively reflect the dynamic state of the process, which was very crucial for automatic control. The control algorithms could successfully maximize the biogas production while still preventing the reactor from organic overload. However, the control function which only used biogas parameter for optimization based on a fixed biogas yield parameter could not deal with long-term underload, and resulted in undesired decreasing of the control gas setpoint although the process was not inhibited. In order to achieve the proper function of this control, the VFA parameters should be included into the rule-based supervisory system to help distinguish between an underload and an inhibition state. Alternatively, additional control rules could be applied to adjust the yield parameter according to the substrate composition, or the control function should be modified to be independent from the yield factor of the substrate. During this project period, the sensor design and construction was modified and tested several times to improve the robustness. As the system contains several mechanical parts, routine maintenance is crucial in order to obtain the optimal performance.
